Nitrogenase activity profiles of nodules have been followed throughout the developmental cycle of soybean plants by a number of investigators (9, 10, 13, 20) . Total nitrogenase activity per plant, measured by the acetylene reduction assay, generally peaks at full flowering or as pod formation begins, and then declines as seeds develop (13, 20) . However, the extent of this decline appears to vary considerably and is dependent upon such factors as plant cultivar (13) , row spacing (25) , environmental conditions such as temperature and photoperiod, and whether plants are field-or chamber-grown. In some cases, nitrogenase activity exhibited an initial decline during pod formation, but then was maintained at a significant level throughout the period of seed fill (9, 10, 17) . Some investigators have used the initial decline in nitrogenase activity as an indication that nodule senescence has begun (12) , even though significant activity may remain for quite some time. Others (19) have defined nodule senescence as the period of rapid nodule decay which occurred at physiological maturity (leaf yellowing). Additional problems arise when investigators fail to give any indication of the developmental stage of the pfant when monitoring nitrogenase activity. Since the number of days from planting to harvest maturity depends upon plant cultivar and growth conditions, in many cases it is difficult to relate nodule senescence, as defined by a decline in nitrogenase activity, with a particular stage of plant development. 2To whom all communications should be addressed.
Declines in total soluble protein (15) and total leghemoglobin (12) contents have been observed in senescing soybean nodules, although these losses generally occurred later than the initial decline in nitrogenase activity. Similar declines in soluble protein and leghemoglobin contents occurred in senescing alfalfa (Medicago sativa L.) nodules following foliage harvest (24) which were correlated with an increase in proteolytic activity. It has been postulated (2) that autolytic processes in the bacteroids and host legume cells were probably responsible for the senescence of legume nodules, and Truchet and Coulomb (21) suggest that 'phytolysosomes' i.e. vacuoles, may be involved in the cellular disorganization that occurs at senescence in pea (Pisum sativum L.) nodules.
Previous work in this laboratory has identified and partially characterized the proteolytic enzymes of soybean nodule cytosol (14) . This report describes the peptidases found in bacteroid extracts, monitors these activities in both host cells and bacteroids throughout the developmental cycle of soybean plants, and relates these activities to changes in nitrogenase activity that occur throughout the period of pod formation, seed development, and maturation.
MATERIALS AND METHODS
Seed Inoculation and Plant Growth. The methods used to prepare inoculum, to infect soybean seeds (Glycine max L. Merrill cv Woodworth) and to grow soybean plants have been reported previously (14) , except that Rhizobium japonicum (strain 61A89) was used and each 15-cm pot contained only one plant. After plants had nodulated (at about the time when the first trifoliate leaf was fully expanded), they were repotted in sterile Arcil lite (IMC Chemical Corp.), an inert root support. They were grown at 26 ± 2°C in an environmentally controlled chamber on a 16-h photoperiod until flowering commenced, and thereafter on a 14-h photoperiod. Light intensity averaged 700 ,uEPlants were watered twice daily and given nitrogen-free Hoagland solution twice weekly.
Acetylene Reduction. Nitrogen fixation was measured on intact plants using the acetylene reduction assay (7) as reported previously (16) .
Nodule Harvest. Root nodules were harvested throughout the developmental cycle of the soybean plants at 1-to 2-week intervals. The first nodules were collected during early vegetative growth, as soon as nodules were large enough to be picked from the root, and the last nodules were collected when the plants had reached harvest maturity. At each harvest date, the physiological development of the plants was classified according to the descriptions suggested by Fehr et al. (5) for developmental stages of soybean growth. As many nodules as possible were harvested from the plants on the day following acetylene reduction assays. All nodules from a single plant were pooled, weighed, frozen, and stored at -80°C until used. A l-g aliquot of nodules was counted to obtain an estimation of nodule number. Percent dry weight was determined on a l-g sample of nodules by drying at 100°C for 24 h. The foliage (stems and leaves) of each plant was severed from the root system and weighed. After pod development began, all pods were removed from the plant, weighed, and frozen at -20°C. At a later time, both seeds and pods were dried at 60°C for 48 h and then total nitrogen of seeds plus pods was determined by Kjeldahl analysis.
Bacteroid extracts used to identify and characterize the bacteroid peptidases were obtained from nodules collected during the pod-filling stage of plant development (R-5 and R-6) (5 (26) . ,BOHB dehydrogenase activity was 0.19 ,umol of NADH/min-mg protein in the extract resulting from the main band located at the interphase between the two sucrose solutions. Activity was not detected in the extract resulting from the minor band. The bacteroid preparation collected from the major band described above contained rhizobial cells isolated from nodules regardless of size or state of bacteroid development. The collected bacteroid suspension was rinsed at least three times with extraction buffer and then lysed by passage through a French Pressure Cell at 23,000 p.s.i. Whole cells and cell debris were removed by centrifugation at 30,000g for 1 h. The supernatant fluid was designated the crude bacteroid extract and contained an average of 5.85 mg protein/g fresh wt of nodule. The extract was either used immediately or stored at -70°C.
Protein and Leghemoglobin. Total soluble protein in the cytosol and bacteroid extracts was determined by the Bradford dye-binding assay using Bio-Rad dye reagent (3). BSA was used as the 3Abbreviations: ,BOHB, 16-hydroxybutyrate; -,BNA, -#8-naphthylamide;
Bz-, N-a-benzoyl. protein standard. Total leghemoglobin in the nodule cytosol fraction was determined by the pyridine hemochrome assay (1) as described previously (16) . The average mol wt of leghemoglobin was assumed to be 16,375 (4).
Proteolytic Enzyme Assays. The nodule cytosol fraction was analyzed for endopeptidase and aminopeptidase activities using synthetic substrates as described previously (14) . Bacteroid extracts were assayed in a similar fashion, except that the incubation time was 1 h and the incubation mixtures were centrifuged in a Beckman Microfuge B to remove turbidity after the reactions were stopped with TCA. One unit of activity was defined as the amount of enzyme required to produce 1 ,umol 8lNA/h under the conditions of the assay. In all assays, the enzyme activity was proportional to time throughout the period of incubation. The azocaseindigesting activity of nodule cytosol was determined as reported previously (16) . The proteinase activity of the crude bacteroid extracts was measured using azocasein and hemoglobin as substrates. In addition, autolysis of endogenous proteins was measured. Autolytic activity was defined as the ability of the soluble bacteroid peptidohydrolases to digest any of the proteins present in the extract, and was measured as release of acid-soluble, ninhydrin-positive materials after incubation of the extracts without exogenous substrate.
To determine the autolytic and hemoglobin-digesting activities, Table I gives the specific activities, pH optima, and sensitivity to some modifying agents for all these proteolytic activities.
Statistical Analysis. Root nodules were collected at 1-to 2-week (5) throughout the growth cycle. The validity of the visual classification system used was determined after harvest by measuring the fresh weight of foliage, and the fresh weight and total nitrogen of the seeds plus pods (Fig. 1) . The fresh weight of foliage (leaves and stems) increased steadily throughout vegetative growth and flowering until pod development began, remained fairly constant throughout seed development, and then declined as leaf yellowing accelerated leading to physiological and harvest maturity (Fig. IA) . The fresh weight of pods plus seeds increased steadily through full seed development, and then declined as the pods began to yellow and desiccate (Fig. IA) . Total nitrogen in the seeds plus pods increased from the time of beginning seed development until physiological maturity was reached, and then remained constant as plants reached harvest maturity (Fig. 1B) .
Acetylene Reduction. Apparent nitrogenase activity was measured on intact potted soybean plants using the acetylene reduction assay (Fig. 1B) . Acetylene reduction activity increased steadily during vegetative growth, flowering, and early pod development. Nitrogenase activity peaked during full pod development, and then decreased during seed development to about the same level as seen during flowering and early pod development. Acetylene reduction activity remained quite high throughout the period of seed development, and did not decline to low levels until the plants had reached physiological maturity.
Nodule Weight and Number. Nodules were collected from the roots of soybean plants at intervals from early vegetative growth until harvest maturity. The total fresh weight and number of root nodules increased steadily during early vegetative growth, flowering, and pod development (Table II) . Significant changes in total nodule weight or numbers did not occur from full pod development through physiological maturity, but then a significant decrease in both parameters was evident as the plants reached harvest maturity. Nodule greening, which is indicative of leghemoglobin loss, occurred when the plants reached physiological maturity. Since the percent dry weight of nodules did not vary significantly throughout the developmental cycle (Table II) , the decrease in total nodule fresh weight was probably a result of nodule senescence and absission from the root system.
Bacteroid-Free Nodule Cytosol. Soluble protein measured per fresh weight of nodule remained fairly constant in nodule cytosol from early vegetative growth through full seed development, but then dropped significantly as the plants attained physiological maturity (Table III) . Leghemoglobin content of the cytosol measured as mg per g fresh weight of nodule peaked when the plants were flowering, and then declined steadily as pods and seeds developed. A significant decline in leghemoglobin content occurred at physiological maturity, concomitant with the decline in soluble protein (Table III) . When leghemoglobin content was expressed as a percent of the total soluble protein content, the highest percentage of leghemoglobin was found during early pod development, when nearly 50%o of the soluble protein in bacteroidfree nodule extracts was leghemoglobin. Similar leghemoglobin concentrations in soybean nodules have been reported by others (15) . The percent leghemoglobin declined steadily thereafter, and accounted for only 28% of the total soluble protein by the time the plants reached harvest maturity (Table III) .
Proteolytic enzyme activity of bacteroid-free nodule cytosol was measured with azocasein and the synthetic substrate Bz-L-ArgflNA. Specific activity toward azocasein exhibited two peaks of activity (Table IV) . The first peak of activity occurred as pod development commenced, which was just before the initial decline in nitrogenase activity (Fig. 1) . The second peak of activity occurred between the time of full seed development and physiological maturity (Table IV) , which correlated with the decrease in soluble protein and leghemoglobin that occurred at this time (Table III ). An increase in azocasein-digesting activity has also been correlated to protein and leghemoglobin loss during darkinduced senescence of soybean nodules (16) and in senescing alfalfa nodules following foliage removal (24) . Previous work (14) demonstrated that proteolytic activity toward the synthetic substrate Bz-L-Arg-flNA was most active at pH 7.5 and pH 9.8, thus activity in crude extracts was measured at both pH values. Specific activity at both neutral and alkaline pH was highest as pod development commenced, but then declined as seeds began developing. In contrast to azocasein-digesting activity, proteolytic activities toward Bz-L-Arg-f8NA did not increase during the period of nodule senescence (Table IV) .
Previous work has shown that at least four distinct enzymes present in bacteroid-free nodule cytosol hydrolyze various aminopeptidase substrates (14) . Although each electrophoretically distinct enzyme hydrolyzed a number of substrates representing various amino acid specificities, two enzymes were responsible for the majority of activity against L-Leu-IiNA, while another was most active against L-Ala-flNA and L-Arg-#NA. A fourth enzyme hydrolyzed L-Val-IiNA (14) . In the present study, no attempt was made to quantitate the activity of the individual aminopeptidases due to their overlapping specificities in crude nodule extracts, but a survey of activity was made using three different aminopeptidase substrates, L-Leu-flNA, L-Arg-,/NA, and L-Val-,fNA. The specific activity of bacteroid-free nodule cytosol against all three aminopeptidase substrates tended to be higher during the early stages of plant growth, and then to drop off slightly when seeds began developing on the plants (data not shown). There was no correlation between aminopeptidase activity and the loss of soluble protein and leghemoglobin that occurred at physiological maturity. Thus, the peptidohydrolase activities of host cell cytosol measured by aminopeptidase substrates probably are not functionally significant to the process of nodule senescence.
Bacterohl Extracts. Purified bacteroids were isolated from root nodules collected from soybean plants from early vegetative growth through harvest maturity and extracts were prepared and assayed for soluble protein and peptidohydrolase activities. In contrast to the decline in soluble protein observed in the host cell cytosol at physiological maturity (Table III) , soluble protein content of bacteroid extracts did not change significantly throughout the growth cycle of the plants (Table V) and remained unchanged even when nodule senescence was well advanced. Thus, it appears that the bacteroid proteins are much more stable during nodule senescence than are host cell proteins.
The proteolytic activity of bacteroid extracts was measured using hemoglobin and azocasein as substrates. In addition, the autolytic activity of the extracts was determined by monitoring the release of acid-soluble, ninhydrin-positive materials after incubation of the extracts without exogenous substrate. Thus, autolytic activity represents hydrolysis of endogeneous proteins by bacteroid peptidases. Proteinase activity against hemoglobin and azocasein did not exhibit any significant increases as bacteroids aged, while autolytic activity against endogenous proteins actually decreased in bacteroids from plants that had reached harvest maturity (Table V) . Endopeptidase activity against the synthetic substrate Bz-L-Arg-fiNA was measured in bacteroid extracts at pH 6.5 and 9.5 since previous work has demonstrated the existence of multiple activities in bacteroid extracts having these pH optima (unpublished data). Activities at both pH values were an order of magnitude lower than the corresponding activities found in the cytosoL and highest activities were found in the youngest nodules. Activities in the bacteroid extract ranged from 0.040 units/mg protein in nodules from very young plants to 0.027 units/mg protein in nodules from plants at harvest maturity. The lack of any significant increase in endopeptidase activity in bacteroids during nodule senescence is probably responsible for the observed stability of bacteroid proteins, and suggests that bacteroid integrity is maintained during nodule senescence as the host cell deteriorates.
A single aminopeptidase having broad specificity against a large number of amino acids has been identified by us in soybean nodule bacteroids (unpublished data). This enzyme was surveyed in bacteroid extracts using L-Leu-fNA as the substrate, and no significant change in its specific activity was observed throughout the developmental cycle of the plants. Aminopeptidase activity averaged 0.02 units/mg protein throughout the life of the nodules.
DISCUSSION
The nitrogenase activity profile observed in this study for chamber-grown 'Woodworth' soybeans exhibited a peak before seed development began, but a very significant amount of activity remained during the period ofseed development. The final decline in activity began after approximately 50%o of the total seed plus pod nitrogen had already accumulated. The initial decline in nitrogenase activity that occurred as seeds began developing probably reflects a change in partitioning of photosynthate away from nodules and into seeds (6, 13) . Although nitrogenase activity does decline at this stage in development, there is no evidence of any nodule deterioration at this time. The significant amount of nitrogenase activity that was observed during seed development in this study indicates that although nodules may not be functioning at full capacity during the period of seed growth, they are still quite viable, and the possibility remains for increasing seed yield through genetic manipulations which might influence partitioning of photosynthate at this critical time. In fact, increasing available photosynthate by plant thinning before seed development began has been shown to delay the onset of nodule greening (i.e. senescence) by several weeks (25) .
The final decline in nitrogenase activity that began in the later stages of seed development in this study was correlated with degradative changes in the host cell cytosol. Nodule greening, the loss of soluble protein and leghemoglobin, and the increase in proteolytic activity against azocasein observed in the host cell cytosol at physiological maturity are perhaps better indicators of nodule senescence than the initial decline in nitrogenase activity observed at early seed development.
Studies on the ultrastructure of senescing nodule tissue have generally not been correlated with nitrogenase activity, so it is difficult to relate biochemical events occurring as nodules age to morphological changes. However, Tu (23) has suggested that the host cell and bacteroid envelope membranes of soybean nodules deteriorate in the advanced stages of infection (i.e. the older sections of the nodule) leaving rhizobia in a ghost cell, but nodules in advanced stages of senescence were not examined. Kijne and Planque (11) examined the development of the endomembrane system of soybean nodules during infection, maturation, and senescence. They identified vacuoles containing cytosolic debrislike material which they assumed might result from autophagic activity, but no evidence was ever seen of any bacterial uptake into a vacuole. Tsien et al. (22) found an increase in the rhizobia population in soil at the end of the growing season, and was able to isolate viable bacteroids from nodules of mature plants. Gresshoff and Rolfe (8) isolated and cultured bacteroids from soybean nodule protoplasts from both young and old plants. The protoplasts from senescing nodules were fragile and unstable, indicating significant deterioration of the host cell, but the bacteroids from these protoplasts were still viable. Data presented in the present report fully support the view that as the soybean-rhizobia symbiosis breaks down during nodule senescence, the host cell deteriorates while the bacteroid does not. Soluble proteins in the host cell cytosol are degraded, probably as a result of increased proteolytic activity, while bacteroid proteins remain intact and autolytic activity actually decreases.
